We studied the resistance of various mycobacteria isolated from a water distribution system to chlorine. Chlorine disinfection efficiency is expressed as the coefficient of lethality (liters per minute per milligram) as follows: Mycobacterium fortuitum (0.02) > M. chelonae (0.03) > M. gordonae (0.09) > M. aurum (0.19). For a C · t value (product of the disinfectant concentration and contact time) of 60 mg · min · liter ؊1 , frequently used in water treatment lines, chlorine disinfection inactivates over 4 log units of M. gordonae and 1.5 log units of M. fortuitum or M. chelonae. C ⅐ t values determined under similar conditions show that even the most susceptible species, M. aurum and M. gordonae, are 100 and 330 times more resistant to chlorine than Escherichia coli. We also investigated the effects of different parameters (medium, pH, and temperature) on chlorine disinfection in a chlorine-resistant M. gordonae model. Our experimental results follow the Arrhenius equation, allowing the inactivation rate to be predicted at different temperatures. Our results show that M. gordonae is more resistant to chlorine in low-nutrient media, such as those encountered in water, and that an increase in temperature (from 4°C to 25°C) and a decrease in pH result in better inactivation.
Mycobacteria, except the tubercle bacilli, responsible for tuberculosis, are usually referred as atypical or nontuberculous mycobacteria (NTM). These mycobacteria were originally considered to be unusual Mycobacterium tuberculosis strains. Now, more than 90 NTM species have been described. Unlike tubercle bacilli, which are obligate pathogens, NTM are ubiquitous (8, 10, 12, 15, 17, 26, 35, 40) . They have been recovered from a wide variety of environmental sources, including water, soil, dust, and aerosols. Most of them are saprophytic, although some are potential pathogens and may be involved in pulmonary or cutaneous diseases or in lymphadenitis (15, 24, 46) . Pulmonary infections occur in immunocompetent patients with predisposing lung conditions, such as smoking, chronic obstructive pulmonary diseases, pneumoconiosis, and silicosis. Disseminated infections may occur in immunocompromised patients. Before the introduction of protease inhibitors for antiretroviral therapy, disseminated infections due to NTM, especially M. avium, were frequent in AIDS patients. NTM infection is now one of the criteria used to diagnose AIDS in human immunodeficiency virus-positive patients (20) .
Patient-to-patient transmission of mycobacterial infections has not be demonstrated even in severely immunocompromised patients with advanced AIDS and hospitalized in the same wards as patients with severe M. avium infections. Infection is thought to be acquired from the environment by ingestion, inhalation, or inoculation. Recently, there has been increasing evidence that water may be the vehicle by which the mycobacteria infect or colonize the human body (4, 5, 17, 25, 30, 39, (43) (44) (45) 48) . Documented evidence has been provided from hospitals and from cases of nosocomial infections. In a dialysis-related outbreak of M. abscessus, a rapidly growing mycobacterial species, the causative organism was recovered from hospital tap water. The strains isolated from patients and from tap water were identified by molecular typing (50) . Similarly, molecular analyses were used to identify M. avium strains recovered from a hospital hot water system and from cultures of blood from patients treated at that hospital. These data showed that hospital hot water supplies can be a source of nosocomial outbreaks of disseminated M. avium disease (43) . A recent outbreak of spinal infections due to M. xenopi in patients who had undergone discovertebral surgery was shown to be related to the presence of M. xenopi in the tap water distribution network of a French surgical center (3). The occurrence of mycobacteria in tap water raises the possibility that aerosols, which are typically generated in showers, carrying mycobacteria constitute a route for pulmonary infections. This hypothesis was suggested for clustered cases of pulmonary infections due to M. xenopi in a hospital in which the water network was heavily contaminated with M. xenopi (9) . However, hospitals are not the only places where mycobacterial contamination of tap water systems may be a major health issue. The sources of pulmonary infections due to M. kansasii in coal miners (28) and in the residents in a city apartment complex (36) were traced to tap water used for showers.
Mycobacteria have been isolated from public water distribution systems and from various other sites, including hot and cold water taps, ice machines, heated nebulizers, and shower heads sprays (8, 12, 15, 17, 21, 23, 33, 44) . NTM found in drinking water distribution systems are residents able to colonize, to survive, to persist, and to grow in tap water and are not contaminants from another source (6) . The resistance of my-cobacteria to common disinfectants and their tolerance of a wide range of pHs and temperatures allow them to persist in drinking water systems (6, 8, 15, 29) . The mechanisms responsible for the survival of mycobacteria in drinking water are not well understood. A recent European directive addressed water intended for human consumption, i.e., potable water, including drinking water, water for food preparation, and water for other domestic uses (European Union Council Directive 98/83/EC). Therefore, water used for personal hygiene is included in this definition. Thus, skin contact with contaminated water and the inhalation of aerosols generated from contaminated water may be risk factors legally covered by the directive. The European Union Council directive states, according to World Health Organization guidelines, that drinking water should not contain pathogenic microorganisms in such quantity or concentration able to deteriorate human health. This regulation means that water must be carefully treated and that the response of pathogens to treatment procedures must be carefully evaluated.
To evaluate the efficiency of drinking water treatment against mycobacteria, it is necessary in particular to evaluate the adequacy of disinfection conditions, such as chlorination. We investigated the chlorination efficiency for several species isolated from the water distribution system in Paris, France. In a preliminary study, water samples were collected in 2000 at 12 points along the treatment lines at two treatment plants and in parts of the distribution system. A wide range of species was identified and included M. fortuitum, M. chelonae, M. aurum, M. peregrinum, and M. gordonae. The chlorination efficiency was estimated for various species grown in standard culture medium. M. gordonae was used as a model to test the different parameters affecting chlorination efficiency, including pH, temperature, and the composition of the medium.
(This work is part of a doctoral thesis by C. Le Dantec.)
MATERIALS AND METHODS
Bacterial strains and culture conditions. The M. gordonae strain used in this study was isolated from drinking water sampled at the Laboratoire de Référence des Mycobactéries at the Pasteur Institute. The other mycobacterial strains used were isolated from cold public water supplies in Paris. All strains were identified by phenotypic and genotypic methods, including 16S rRNA and/or hsp65 gene analysis by current techniques (13, 31, 41) .
Cells were grown in Middlebrook 7H9 liquid medium (Difco Laboratories, West Molesley, Surrey, United Kingdom) containing 10% (vol/vol) oleic acidalbumin enrichment and 0.05% (vol/vol) Tween 80 at their optimal growth temperature (30 or 37°C, depending on the strain) in a rotary shaker (120 rpm). At the end of the exponential phase (optical density at 600 nm, 0.8), the cells were centrifuged at 3,260 ϫ g and washed twice in an equal volume of 0.05 M chlorine demand-free phosphate buffer at pH 7. This buffer was prepared by mixing 420 ml of 0.05 M KH 2 PO 4 with 580 ml of 0.05 M Na 2 HPO 4 . The cell pellet was resuspended in 1,500 ml of the same buffer at a density of 10 5 bacterial cells per ml, and this suspension was used for the washes.
Hypochlorous acid challenge conditions. A freshly prepared free chlorine stock solution (150 mg/liter) was added to the bacterial suspension at a final concentration of 0.5 mg/liter. After 0, 10, 20, 30, 40, 60, and 120 min of reaction with chlorine at room temperature with gentle shaking, samples (100 ml) were removed and quenched with 100 l of sterile 0.5 mM sodium thiosulfate at pH 7.0 to stop the action of chlorine. Cultivable bacteria were assayed by spreading on Middlebrook 7H9 solid medium plates after serial dilution in Middlebrook 7H11 liquid medium. Free chlorine (hypochlorous acid and hypochlorite ions) was measured by the N,N-diethyl-p-phenylenediamine colorimetric method at each point (18) . Colonies were counted after 5 days at 37 or 30°C. The data presented are the averages of a minimum of two replicates.
Influence of temperature, pH, and medium composition on M. gordonae inactivation rates. M. gordonae was used as a model to test the different parameters affecting chlorination efficiency for mycobacteria.
To test the effect of the medium composition on inactivation rates, M. gordonae was grown in tap water previously filtered through a 0.45-m-pore-size filter and supplemented with 10% Middlebrook 7H9 liquid medium. At the end of exponential phase, the cells were centrifuged, washed, and resuspended as described above.
To test the effect of temperature on inactivation rates, M. gordonae was inactivated with 0.5 mg of chlorine/liter at 4°C (in ice), at 16°C (in a water bath), and at room temperature (25°C). These experiments were carried out at pH 7.0.
The effect of pH on inactivation rates was studied with sterile chlorine demand-free phosphate buffer at pH 6 and pH 8. The pH 6 buffer contained 889 ml of 0.06 M KH 2 PO 4 and 111 ml of 0.06 M Na 2 HPO 4 ; the pH 8 buffer contained 37 ml of 0.06 M KH 2 PO 4 and 963 ml of 0.06 M Na 2 HPO 4 . These experiments were conducted at 25°C.
Reagents. All chemicals used were analytical grade. N,N-Diethyl-p-phenylenediamine and sodium thiosulfate were purchased from Sigma Chemical Co.
Disinfection kinetics. The Chick-Watson law was used for defining the rate of inactivation of mycobacteria according to Chick (7) as modified by Watson (47) :
In this equation, N 0 is the initial concentration of microorganisms, N is the concentration remaining at time t, C is the concentration of disinfectant, and k is the susceptibility or lethality coefficient of the microorganism.
Due to reactions with residues of organic compounds, the concentration of free chlorine decreased as the experiments proceeded ( Fig. 1) . The curve represents free chlorine concentration measured at different times during inactivation, with an initial free chlorine concentration of 1.16 mg ⅐ liter Ϫ1 . In order to accurately evaluate C ⅐ t values, chlorine decay was integrated as a function of time:
In this equation, k i is the inactivation rate constant and Cdt is chlorine concentration decay integrated as a function of time.
The C ⅐ t values are represented by the areas under the curve presented in Fig.  1 . The C ⅐ t values were calculated as follows:
Linear regressions based on the decimal logarithm of the proportion of the initial concentration of mycobacteria remaining at time t (in minutes) for each strain were calculated and used to calculate the k values.
RESULTS
In this study, mycobacteria were inactivated with free chlorine in a phosphate buffer of a constant ionic strength. This procedure created well-controlled and reproducible experimental conditions.
The results are expressed as C ⅐ t values and k values. C ⅐ t values are the product of the disinfectant concentration in milligrams per liter and the contact time in minutes required to inactivate target microorganisms at a given temperature and pH. C ⅐ t values are usually expressed in log units. Different levels of inactivation (50, 90, and 99.9%, etc.) can be calculated from C ⅐ t and k values.
Effects of chlorine on the growth of atypical mycobacteria. In a preliminary study, the occurrence and distribution of mycobacteria at 12 points along the treatment lines at two treatment plants and in parts of the distribution system related to these plants were investigated. An additional point consisted of the tap in our laboratory in Institut Pasteur. The majority of the samples were positive for mycobacteria. The most frequently isolated species were M. aurum, M. chelonae, M. fortuitum, and M. peregrinum among the rapidly growing species and M. gordonae and M. nonchromogenicum among the slowly growing species. However, 28% of the isolated cultures could not be assigned to any described species. M. aurum, M. chelonae, and M. fortuitum were selected as representatives of rap-idly growing species, and M. gordonae was selected as a representative of slowly growing species to test the susceptibility of mycobacteria to chlorine.
The resistance of mycobacteria to chlorine, expressed as the k value (liters per minute per milligram), was as follows: M. fortuitum (0.02) Ͼ M. chelonae (0.03) Ͼ M. gordonae (0.09) Ͼ M. aurum (0.19). Thus, M. chelonae and M. fortuitum are the most resistant whereas M. aurum appears to be the most susceptible mycobacterial species to chlorine ( Fig. 2A) . To reduce the number of cells by 2 log units (99%), the C ⅐ t value for M. aurum (15 mg ⅐ min ⅐ liter Ϫ1 ) had to be 9.5-fold lower than the C ⅐ t value for M. fortuitum; in other words, M. fortuitum was 9.5-fold more resistant than M. aurum.
In water treatment lines, chorination conditions are very often 0.5 mg of chlorine ⅐ liter Ϫ1 for 2 h, providing a C ⅐ t value of 60 mg ⅐ min ⅐ liter Ϫ1 . From k values, it can be calculated that chlorination could eliminate over 5 log units of M. aurum, 4 log units of M. gordonae, but only 1.5 log units of M. fortuitum or M. chelonae (Fig. 2B) .
Effects of medium composition on the susceptibility of M. gordonae to free chlorine. M. gordonae, a frequent contaminant of tap water systems with an intermediate inactivation rate constant (k) among the mycobacterial species tested, was selected as a model to test the various chlorination conditions of mycobacterial inactivation.
To examine the impact of growth conditions on mycobacteria, the chlorine susceptibilities of M. gordonae grown in 7H9-Tween medium and in filtered tap water supplemented with 10% 7H9-Tween medium were compared (Fig. 3) . It was not possible to test M. gordonae in 100% tap water because it grew extremely poorly and did not yield enough CFU for a valid analysis.
Mycobacteria grown in tap water were more resistant to chlorine than cells grown in culture medium. The results show that the k value for M. gordonae grown in water supplemented with 10% 7H9-Tween medium was 0.01 liter ⅐ min ⅐ mg Ϫ1 ; that for M. gordonae grown in 7H9-Tween medium was 0.09 liter ⅐ min ⅐ mg Ϫ1 . The growth of M. gordonae in the low-nutrient solution significantly increased the resistance of the microorganism to free chlorine.
Effects of temperature on inactivation rates. The effect of temperature on the bactericidal activity of chlorine was tested with M. gordonae (Fig. 4) . For a C ⅐ t value of 60 mg ⅐ min ⅐ liter Ϫ1 , M. gordonae showed less than 1 log 10 unit or less than 1.5 log 10 unit of inactivation at 4°C or at 16°C, respectively, whereas the number of CFU decreased by 5.5 log units at 25°C (Fig. 3) . Therefore, chlorination was more efficient at higher temperatures.
To determine whether the decrease in inactivation varied linearly with temperature, the validity of the Arrhenius expression was checked. For a simple chemical reaction, the dependence of k i on temperature is expressed by the classical Arrhenius equation:
where A is the frequency factor in 1/(moles per minute), E a is the reaction activation energy in Joules per mole, R (8.314 J per mol per degree kelvin) is the ideal gas constant, and T is the absolute temperature in degrees kelvin. The temperature dependence of k i was consistent with the Arrhenius equation (Fig. 5) . Linear regression of the data presented in Fig. 5 yielded an activation energy of 9.14 J/mol. In conclusion, these experimental conditions allowed the determination of the M. gordonae inactivation rate at different temperatures according to the Arrhenius equation. Effects of pH on inactivation rates. Free chlorine exists mainly in two different forms in aqueous solutions, HOCl and OCl Ϫ . The concentration of each form varies in a nonlinear manner according to the pH. For Escherichia coli, HOCl is more than 50-fold more effective than OCl Ϫ as a disinfectant (32) . At pH 6.0, HOCl accounts for 98% of free chlorine, whereas at pH 10.0, OCl Ϫ accounts for over 99%. Between pHs 7.0 and 8.5, the proportions vary rapidly but not linearly; HOCl decreasing from 83% at pH 7.0 to 14% at pH 8.5. The equilibrium is temperature dependent, with lower temperatures resulting in slightly higher proportions of HOCl.
The results showed that chlorine disinfection for M. gordonae was more rapid at pH 6 than at pH 7 or pH 8 (Fig. 6) . These results reflect the fact that more HOCl is present at a lower pH. After 10 min in the presence of chlorine at pH 6, the numbers of M. gordonae cells decreased by 0.64 log 10 units (C ⅐ t, 3.4 mg ⅐ min ⅐ liter Ϫ1 ), compared to 0.15 log 10 units (C ⅐ t, 6.5 mg ⅐ min ⅐ liter Ϫ1 ) at pH 8 for the same exposure ( Fig. 6 ). The k value was sixfold higher at pH 6 and pH 7 than at pH 8. In conclusion, increasing pH decreases mycobacterial inactivation rates, highlighting the susceptibility of M. gordonae to HOCl.
DISCUSSION
The chlorine resistance of mycobacteria isolated from the Parisian water distribution network and upstream internal networks is reported. Various species were identified, including M. fortuitum, M. chelonae, M. aurum, M. peregrinum, and M. gordonae. Interestingly, M. avium was not recovered. Most of the available data on chlorine disinfection of mycobacteria in the literature are based on the susceptibility of M. avium, a focus of interest of numerous studies due to its high clinical impact (14, 16, 17, 43) . However, recent extensive studies of widely dispersed drinking water utilities in the United States showed that the frequencies of recovery and the numbers of M. avium in drinking water samples are low (10, 16) . In Europe, M. avium is not frequently found in tap water, as shown by a German study in which 1.7% of the samples were positive for M. avium (30) . A recent study in Greece also failed to detect M. avium in drinking water distribution systems (42) . However, in these studies, other mycobacterial species, including M. chelonae, M. gordonae, and M. fortuitum, were frequently isolated.
Uncombined chlorine, in the form of hypochlorous acid (HOCl), is an extremely potent bactericidal agent, active even at concentrations of less than 0.1 mg ⅐ liter Ϫ1 on most bacteria and viruses (23) . As a direct consequence, chlorination is one of the most widely used methods for the disinfection of water. Chlorination is comparatively inexpensive and easy to use, and chlorine remains active within the system for a considerable length of time. Chlorination conditions used in water distribution systems are based on the inactivation of several viruses and bacteria but not mycobacterial species or other pathogens, such as parasites. Information pertaining to the effect of hypochlorous acid on atypical mycobacteria is rather limited.
The results of this study are consistent with those of the (37) . In this study, conditions similar to those used by Taylor et al. (40) were chosen: tests were performed at pH 7 and 23°C with strains grown in 7H9 Middlebrook broth medium. In this study, for 3 log units (99.9%) of inactivation, C ⅐ t values of 100 and 135 mg ⅐ min ⅐ liter Ϫ1 were calculated for M. chelonae and M. fortuitum, respectively (Fig. 2B) . The (51 to 204 mg ⅐ min ⅐ liter Ϫ1 ) are 580 to 2,300 times higher than those for E. coli (40) . The comparison of the C ⅐ t values showed that the most susceptible species in this study, M. aurum and M. gordonae, were still 100 and 330 times more resistant to chlorine than E. coli, respectively (40) .
A C ⅐ t value of 60 mg ⅐ min ⅐ liter Ϫ1 maintained in a chlorination tank is not efficient against all mycobacterial species, specially M. chelonae and M. fortuitum, as shown in this study, or M. avium, as shown by others (29, 40) . High chlorine concentrations can be used for disinfection purposes in a private distribution system, for example, in a hospital in which the water supply is highly contaminated with mycobacteria. As the resistance of mycobacteria to chlorine is species specific, it is difficult to establish standard chlorine concentrations and times (C ⅐ t) to reduce or eliminate waterborne mycobacteria. It is therefore important to consider the level of chlorine resistance of the mycobacterial species responsible for the contamination when establishing chlorination conditions for disinfection.
All the strains used in this study were waterborne strains because previous studies showed that clinical and environmental strains display different levels of chlorine resistance (29) . Different parameters (medium, pH, and temperature) relating to chlorine resistance for waterborne M. gordonae were studied. The results showed that inactivation of atypical mycobacteria was more efficient at low temperatures and high pHs. Moreover, when M. gordonae was grown in filtered water supplemented with 10% 7H9 Middlebrook liquid medium, the inactivation rates decreased by a factor 10. In distribution networks, mycobacteria live at average temperatures (16°C) in neutral pHs (7 to 7.5). This information suggests that the chlorine resistance of mycobacteria isolated from fresh tap water was underestimated in this study.
Hypochlorous acid and hypochlorite ions are present simultaneously in water. Hypochlorous acid is the more active of the two components as a disinfectant. The disinfection efficiency increases with temperature, as the reaction rate of hypochlorous acid with bacterial components increases. Haas proposed a model for the inactivation of microorganisms assuming the existence of an intermediate disinfectant-organism complex that governs the rate of microbial inactivation (19) .
Moreover, the lower the pH, the greater the proportion of hypochlorous acid. Once again, these experiments with mycobacteria were in agreement with results obtained for Yersinia enterocolitica (27) . Hypochlorous acid is a highly destructive oxidant that reacts with various cellular compounds and affects metabolic processes. It alters membrane permeability, inhibits transport, cleaves proteins, and reacts with nucleotides. Hypochlorous acid reacts with unsaturated fatty acids, modifying membrane fluidity and permeability. The peculiar structure of the mycobacterial cell wall skeleton partly explains the high resistance of mycobacteria to chlorination. In mycobacteria, the peptidoglycan is covalently linked to mycolic acids, consisting of long fatty acids up to 90 carbon atoms, through an arabinogalactan bridge. Mycolic acids confer acid fastness to bacilli and represent a thick, hydrophobic barrier preventing diffusion and lowering permeability (1). The current techniques for isolating pure mycobacterial cultures from specimens that contain other microorganisms rely on the greater resistance of mycobacteria to acids, alkalis, or quaternary ammonium ions. Moreover, the external layer is composed of unique constituents noncovalently linked to the cell wall and consisting of peptidoglycolipids, glycolipids, lipopolysaccharides, phospholipids, sulfolipids, and nonlipidic molecules, proteins, and polysaccharides (1, 11) . The composition of the outer layer is species specific, a fact which may explain the differential resistance of mycobacterial species to chlorination.
The effect of nutrients on disinfection resistance is the least well understood concept. In various organisms, especially Legionella pneumophila, Flavobacterium, and Klebsiella pneumoniae (22, 38) , growth in low-nutrient conditions leads to higher chlorine resistance. Similarly, Taylor et al. showed that water-grown M. avium cells were 10-fold more resistant than medium-grown cells (40) . These results are consistent with our results for other mycobacterial species. A tentative explanation could be related to information from previous studies which demonstrated that the total lipid content is doubled when M. phlei is grown in the presence of 1.4% sodium acetate (2) . The difference in the resistance of mycobacterial species to chlorine could be related to the composition of the cell wall, especially the outer layer, which varies from species to species and according to growth conditions. Further studies are still necessary to identify the molecules responsible for resistance to chlorine.
Elimination of Mycobacterium species in a real water distribution system. Our results confirm that mycobacteria are highly resistant to chlorine disinfection and document the optimal parameters for the inactivation of mycobacterial species. However, the test conditions are not necessarily those encountered in distribution systems. They are valid for free mycobacteria in the water distribution system. Mycobacteria have been shown to be able to replicate in biofilms, and solid-liquid interfaces may be regarded as sites of selective enrichment for these bacteria (34, 35) . The high degree of cell wall hydrophobicity probably accounts for the strong adhesive properties displayed by mycobacterial factors and influences the numbers of mycobacteria in biofilms (16) . Additional studies must be performed to test the efficiency of disinfection procedures for mycobacteria in biofilms.
The high C ⅐ t values necessary for inactivating mycobacteria to a great extent (at least 99.9%) are not always available in the final chlorination tank and in the distribution system. Careful calculation of real C ⅐ t values in global water treatment lines and distribution systems is necessary for evaluating the level of inactivation of mycobacteria.
Nevertheless, chlorination is not the sole efficient process. Filtration, clarification, and ozonation permit the efficient removal of microorganisms and must be investigated in order to evaluate the efficiencies of different treatments. Copper and silver ions are attractive candidates, as this disinfection technique requires little maintenance and results in residual disinfection throughout the distribution system. Ozone disinfection also has advantages, as it reduces taste, odor, and color and oxidizes organic substances. The main drawback of ozone is that chlorine disinfection still remains necessary at low concentrations to maintain the quality of water in distribution systems. Previous studies showed that C ⅐ t values required for a 99.9% reduction (3 log units of killing) in M. avium viability were 1.4 mg ⅐ min ⅐ liter Ϫ1 with copper and silver ions and 0.1 (40, 49) . These C ⅐ t values are low compared to those for chlorine and highlight interest in these alternative or complementary disinfection methods for mycobacteria. The effects of copper ions and ozone are currently being tested on a range of waterborne isolates from various mycobacterial species in our laboratory.
